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Abstract 
In this study, the effects of adhesives on the bonding performance of both southern yellow pine (SYP) and red maple 

plywood were investigated. Phenol–formaldehyde (PF), polymeric diphenylmethane diisocyanate (pMDI), phenol– 
resorcinol–formaldehyde (PRF), and polyurethane (PUR) were evaluated. This allowed us to understand the difference 
between thermosetting and cold-setting adhesives, as well as phenolic and isocyanate ones. Three-ply plywoods were 
fabricated using red maple veneers (Acer rubrum) for hardwood plywood specimens and using SYP (Pinus spp.) for 
softwood plywood specimens. The bonding was evaluated using lap shear and cyclic tests. According to ASTM D906, 
approximately 40 specimens per adhesive per species were subjected to a lap shear test to determine their shear strength. 
Wood failure of the shear specimens was evaluated visually and using an image processing software, ImageJ. In 
accordance with the American National Standards Institute for Hardwood and Decorative Plywood/Hardwood Plywood and 
Veneer Association (ANSI/HPVA HP-1 2020), 12 specimens per adhesive per species were tested for delamination. These 
specimens underwent three cycles of soaking in water for 4 hours followed by drying for 19 hours. The fndings of this 
study indicated that the isocyanate-based adhesives produced superior bonding, particularly PUR for red maple and pMDI 
for SYP. PF resin could potentially substitute for these isocyanate-based adhesives, as the observed difference was not 
statistically signifcant. 

Over the past 50 years, adhesives have signifcantly 
enhanced resource and industrial effciency and play a cru-
cial role in more than 70 percent of all wood-based materials 
in use today (Conner 2001, Frihart 2011). The conventional 
adhesives that are commonly used include (1) phenolic-based 
types such as phenol–formaldehyde (PF) and phenol–resor-
cinol–formaldehyde (PRF); (2) amino-based types such as 
urea–formaldehyde, melamine–formaldehyde, and melamine– 
urea–formaldehyde; and (3) isocyanate-based types such as 
polymeric diphenylmethane diisocyanate (pMDI) and polyure-
thane resin (PUR) (Conner 2001, Ferdosian et al. 2017, Pang 
et al. 2018, Li et al. 2021, Dziurka et al. 2022). Plywood is 
one of the most important structural wood products fabricated 
by bonding thin wood veneers with adhesive (Stalnaker and 
Harris 1997, Bekhta et al. 2020). The selection of these adhe-
sives to manufacture plywood is critical because of factors 
such as cure time, exterior performance (including resistance 
to moisture), and the variation in wood species (Ulker, 2016). ¨ 

Essentially, for structural plywood, adhesives must pass 
ASTM D2559 (ASTM International 2024). Consequently, 
many studies have been conducted to understand the effect of 
types of adhesives on various properties of plywood made of 
different species, as shown in Table 1. 
Use of thermosetting resins to produce plywood or 

other panel-based products like oriented strand board and 

particleboard is common because of their ability to quickly 
cure through effcient heat transfer in such products, as well 
as their cost effectiveness, rapid reactivity, exceptional 
strength, and adaptability to various curing conditions (Ong 
et al. 2018, Bekhta et al. 2020, Mousavi et al. 2021). Con-
sumption of thermal energy, which is related to carbon emis-
sion and global warming, could be another issue with 
thermosetting adhesives. In contrast, cold-setting adhesives 
are available and common to produce high-performance 
wood products, particularly thick products such as cross-lami-
nated timber and glulam. In recent decades, technological 
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Table 1.—Summary of studies investigating the effect of adhesive types on various properties of plywood made from different 
wood species. 

Authors Adhesivesa Wood species Objective 

Setter et al. (2021) UF and PF Parica and pine Comparison of physical and mechanical properties 

Bal and Bektaş (2014) UF, MUF, and PF Eucalyptus, beech, and poplar Investigation of the mechanical properties 

Demirkir et al (2013) PF and MUF Scots pine, maritime pine, Evaluation of the effect of peeling and drying tem-

and European black pine perature on the mechanical properties 

Li et al. (2017) Polyols mixed with pMDI Yellow poplar Investigation of the effect of recycled polyols on 

bonding performance of plywood 

Lin and Lee (2018) MUF and PF Lauan Investigation of the effect of curing temperature on 

bonding strength of plywood made with PF 
¨ Oncel et al. (2019) PF Uludag fr, alder, Scots pine, Investigation of the effect of wood type on adhesion 

and Samsun poplar quality 

Qin and Teng (2022) PF Plywood Evaluation of hot press temperature and time on 

mechanical properties of plywood 

Kallakas et al. (2020) PF Gray alder, black alder, and Evaluation of the effect of various layup schemes 

aspen and wood species on mechanical properties 

Iwakiri et al. (2013) PF Genus Eucalyptus Assessment of nine Eucalyptus species for veneer 
and plywood production 

Reis et al. (2019) PF Acrocarpous fraxinifolius and Analysis of the physical–mechanical properties of 

Pinus oocarpa Acrocarpus fraxinifolius and Pinus 
Fitrianum et al. (2023) PF Rubber Evaluation of the effect of catalysts on PF resin’s 

adhesive properties and strength 

Karthäuser et al. (2023) PF Scots pine Modifcation of plywood with PF resin 

Savov et al. (2022) PF and lignin Pulp (beech, oak, pine) Develop a new fberboard manufacturing technology 

using reduced PF resin and hydrolysis lignin 

Fleckenstein et al. (2017) Beech Performance evaluation of LPF-modifed LVL com-

pared with PF-modifed LVL 

Ozbay et al. (2015) PF Scots pine, sawdust, and Evaluation of the bonding performance of PF adhe-

beech wood sive modifed with pyrolysis bio-oil 

Hong et al. (2018) PF Poplar Synthesis of PF resin for fast manufacturing of LVL 

Slabohm et al. (2022) PF or PRF Beech Increase dimensional stability and durability of LVL 

Papadopoulos (2006) UF and pMDI Pine and fr Comparison of the physical properties of conven-

tional particleboard using UF and pMDI 

Knorz et al. (2015) PRF, MUF, PUR, and EPI Ash Investigation of the infuence of three surfacing 

methods using four different adhesives 

Hamid et al. (2013) PRF Kapur and kelat Determination of the effect of different pressure on 

bonding strength and adhesive penetration 

a UF ¼ urea–formaldehyde; MUF ¼ melamine–urea–formaldehyde; PF ¼ phenol–formaldehyde; pMDI ¼ polymeric diphenylmethane diisocyanate; 

LPF ¼ lignin–phenol–formaldehyde; LVL ¼ laminated veneer lumber; EPI ¼ emulsion polymer isocyanate; PRF ¼ phenol–resorcinol–formaldehyde; 

PUR ¼ polyurethane. 

progress has encouraged researchers to create high-perfor-
mance, fast-curing adhesives that work at room temperature. 
Currently, the development of Henkel’s LOCTITE HB X 
adhesives, which also meet stringent heat and fre safety stan-
dards, exemplifes the industry’s efforts to address these con-
cerns. These adhesives allow a curing time (assembly time 
along with pressing time) ranging from about 10 minutes to 
4 hours (LOCTITE HB X PURBOND-LINE). Similarly, 
some researchers have tried to adopt cold-setting adhesives to 
produce plywood. Sari et al. (2023) demonstrated the feasibil-
ity of producing ecofriendly plywood panels using a cold-
setting adhesive made from polyvinyl alcohol, tannin, and 
hexamine through a cold-pressing process as an alternative to 
conventional plywood. Lubis et al. (2023) prepared a formal-
dehyde-free cold-setting plywood adhesive using a 1:1 mix of 
natural rubber latex and polyvinyl alcohol with 0, 1, 3, or 
5 percent polymeric 4,4-diphenylmethane diisocyanate. 
Mousavi, S. Y et al. (2021) prepared three-ply plywood pan-
els using soy protein isolated–bisphenol A diglycidyl ether– 
polyethylenimine adhesives through a cold-press process, 
subsequently evaluating the panels for water resistance and 

shear strength. Lubis et al. (2022) demonstrated the feasibility 
of fabricating ecofriendly plywood bonded with polyvinyl 
alcohol–lignin–hexamine-based adhesive using cold pressing 
as an alternative to conventional plywood. 
Despite extensive research on wood bonding, there is a lack 

of studies examining the effect of different types of adhesives 
on the bonding performance of hardwood and softwood ply-
wood. Existing studies usually focus on a single type of ply-
wood or adhesive as shown in Table 1, leaving a big gap in 
understanding the performance of numerous adhesives across 

Table 2.—Pressing methods and corresponding adhesive 
types. 

Pressing 

method Adhesive Type 

Hot pressing Phenol–formaldehyde Thermosetting 

Polymeric diphenylmethane diisocyanate 

Cold pressing Phenol–resorcinol–formaldehyde Cold setting 

Polyurethane 
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Figure 1.—An even distribution of phenol–formaldehyde resin 
on softwood veneer. 

a range of wood species under different testing conditions. 
This study aims to address this gap by evaluating and compar-
ing the bonding performance of four adhesives—PF, pMDI, 
PRF, and PUR—by conducting lap shear and cyclic tests on 
plywood made from red maple (Acer rubrum) and southern 
yellow pine (Pinus spp.; SYP). The research focuses on red 
maple as a raw material for its superior mechanical properties, 
which include its high durability and strength, but also due to 
its growth dominance over the last 3 decades compared with 
other species in the northeastern United States (Alderman 
et al. 2005). Another raw material, SYP, was primarily 
selected for its abundant availability in the wood industry. It is 
the most widely used softwood species globally, largely due to 
its rapid growth in plantation settings (Shmulsky et al. 2021). 
These distinct characteristics highlight the necessity of 

gaining a deeper understanding of adhesives’ effect on these 
types of wood species, offering new opportunities to 
enhance their application in the wood industry. 

Materials and Methods 
The SYP veneer was obtained from Winston Plywood & 

Veneer (Louisville, MS, USA), with an average thickness 
of 0.38 cm and an average density of 607 kg/m3. SYP is one 
the most common wood species used in the United States 
because of its widespread availability, primarily sourced 
from fast-grown plantation trees (Mirabile and Zink-Sharp 
2018, Shmulsky et al. 2021). Due to its rapid growth, SYP 

Figure 2.—Confguration and dimensions of the plywood speci-
mens for lap shear test. 

has lower mechanical properties. Therefore, developing 
value-added products from SYP can expand the market for 
such fast-growing species. 

The red maple veneer was obtained from Great Lake 
Veneer (Marion, WI, USA). Average thickness was 0.33 cm 
and average density was 588 kg/m3. Red maple exceeds 
the criteria for structural applications, according to studies 
done by Janowiak et al. (1995). However, the high cost of 
the raw material remains a signifcant obstacle to its accep-
tance as a structural material (Grisez et al. 1972, Janowiak 
et al. 1995). 

The adhesives used in this study included PF, PRF, 
pMDI, and PUR. The PF adhesive, provided by Hexion, 
had a solid content of 56 percent, a viscosity range of 120 
to 300 cPs, and a pH between 9.5 and 10.5. The PRF adhe-
sive, also from Hexion, was a two-part adhesive consisting 
of Cascophen 4001-2 and Cascoset 5830E featuring a vis-
cosity range of 1,500 to 2,500 cPs and a density of 1.15 
to 1.21g/cm3. The pMDI adhesive, known as Rubinate 
1840, with a solid content of 100 percent and a density of 
1.23g/cm3, was supplied by Huntsman. The PUR adhesive, 
LOCTITE UR 5153, with a solid content of 100 percent, 
gel time of 30 minutes, cure time of 60 minutes, viscosity 
of 5,000 cPs, and a density of 1.12 g/cm3, and its corre-
sponding primer, LOCTITE PR 3105 PURBOND, were 
obtained from Henkel. It should be mentioned that PF and 
pMDI are hot-pressing, whereas PRF and PUR are cold-
pressing adhesives. 

Manufacturing process 
Veneers were conditioned in an environmental chamber 

to reach a moisture content of 10 percent. Three plies of 
randomized veneers from the same wood species were 

Table 3.—Experimental setup and specimen distribution for evaluating adhesive bonding strength in red maple and southern yel-
low pine. 

Lap shear test Cyclic 

Adhesive Wood species No. of specimens Dimension (mm) No. of specimens Dimension (mm) 

Phenol–formaldehyde 

Polymeric diphenylmethane diisocyanate 

Phenol–resorcinol–formaldehyde 

Polyurethane 

Red maple 

Southern yellow pine 

Red maple 

Southern yellow pine 

Red maple 

Southern yellow pine 

Red maple 

Southern yellow pine 

40 

40 

40 

40 

40 

40 

40 

40 

25.4 3 82.6 
25.4 3 82.6 
25.4 3 82.6 
25.4 3 82.6 
25.4 3 82.6 
25.4 3 82.6 
25.4 3 82.6 
25.4 3 82.6 

12 

12 

12 

12 

12 

12 

12 

12 

50.8 3 127 
50.8 3 127 
50.8 3 127 
50.8 3 127 
50.8 3 127 
50.8 3 127 
50.8 3 127 
50.8 3 127 
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Figure 3.—Wood failure evaluation using ImageJ software. (a) High-resolution image of the lap shear test specimen with wood fail-
ure. (b) Marking and flling the wood failure areas using polygon selection tool. (c) Adjustment of threshold. (d) Analyzing the parti-
cles to quantify failure areas after making image binary. 

oriented 908 to each other to fabricate plywood measuring 
41 by 41 cm. After applying the resin to a single adherend 
surface, a process known as single spread, the three plies of 
veneers were bonded using either a cold-pressing or hot-
pressing technique, depending on the adhesive type, as 
shown in Table 2. 
The application rate of 195 g/m2 was chosen for all adhe-

sives. Attention was given to ensuring even distribution of 
adhesives on the veneers. An even distribution of PF resin 
on SYP veneer using a sprayer is presented in Figure 1. The 
thermosetting resins, PF and pMDI, were applied using a 
sprayer because of their low viscosity, followed by curing 
under hot-press conditions with temperatures of 1608C and 
1508C, respectively, and pressure of 1.24 MPa (180 psi) for 
5 minutes. For PF resin, the veneers were dried in an oven 
to a moisture content of around 4 percent to minimize the 
chance of blowing during hot pressing. PRF and PUR were 
applied using a roller because of their high viscosity and 
then cold pressed at room temperature under a pressure of 
0.83 MPa (120 psi) for 7 hours and 1 hour, respectively. 
The PRF resin was prepared using a mix ratio of 2.5 parts 
resin (Cascophen) to one part hardener (Cascoset) by 
weight. PUR, the LOCTITE PR 3105 PURBOND primer, 
and water were mixed by weight in the ratio of 1:19 (5%). 

2The solution was applied on the surface at a rate of 20 g/m 
before applying the adhesive. 

Lap shear test 
Following the ASTM D906-98R17 standard test method, 

test specimens cut from plywood were subjected to a lap 
shear test to determine the shear strength of the adhesive 
bond. Approximately 40 specimens per adhesive per species 
with an average dimension of 25.4 mm wide and 82.6 mm 
long were tested, as shown in Table 3, with detailed dimen-
sions of shear specimens provided in Figure 2. 

Wood failure evaluation 
To differentiate wood failure from glue failure after a lap 

shear test, the image processing software ImageJ was used. 
Initially, high-resolution images of the failure areas were 
captured with a camera as shown in Figure 3a. The polygon 
selection tool was used to mark the wood failure areas, and 
the selected area was flled with a color using the color 

picker tool, as shown in Figure 3b. The modifed image was 
then converted to grayscale for better contrast (Figure 3c), 
and Gaussian blur was applied with the Sigma (Radius) 
adjusted between 0 and 2. The image was converted to 
binary, as shown in Figure 3d, and further processed by 
eroding and dilating. The “Analyze Particles” function was 
applied to quantify the areas of failure, distinguishing 
between wood and glue failures on the basis of the color 
differences, as shown in Figure 3. 

Three-cycle soak test 
In accordance with the American National Standards 

Institute for Hardwood and Decorative Plywood/Hardwood 
Plywood and Veneer Association (ANSI/HPVA HP-1-
2020), the adhesive bond was evaluated under varying 
moisture conditions. Twelve specimens per adhesive per 
species with average dimensions of 5.08 by 12.70 cm (2 in 
by 5 in) were cut as shown in Table 3, immersed in 248C 
water for 4 hours, and then dried at 508C for 19 hours. This 
soaking and drying process was repeated three times. 
Delamination of each specimen after each cycle was mea-
sured with a 0.08-mm-thick feeler gauge and subsequently 
recorded. A specimen is considered failed when any delami-
nation between two plies is longer than 5.08 cm, deeper 
than 0.635 cm, and wider than 0.08 mm. According to the 

0 

1 

2 

3 

4 

PF pMDI PRF PUR 

)a
p

M(
ht

g
nert

S
rae

h
S

Hardwood Softwood 

AA 

B B 

C 

D 

CC 

Figure 4.—Shear strength of red maple and southern yellow 
pine plywood manufactured using different adhesives. There is 
a signifcant difference between bars labeled with different let-
ters at a ¼ 0.05; those with the same letters represent no sta-
tistical difference. PF ¼ phenol–formaldehyde; pMDI ¼ 
polymeric diphenylmethane diisocyanate; PRF ¼ phenol–res-
orcinol–formaldehyde; PUR ¼ polyurethane. 
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Table 4.—ANOVA summary for shear stress of different adhesives and wood species. 

Factors df Sum of squares Mean square F value P value Partial eta squared 

Adhesives 

Wood species 

Interaction 

Model 

Error 

Corrected total 

3 

1 

3 

7 

330 

337 

248,745.3 

2,352,490.3 

210,408.9 

2,787,910.9 

989,130.8 

3,777,041.8 

82,915.1 

2,352,490.3 

70,136.3 

398,273 

2,997.4 

27.6 

784.8 

23.4 

132.9 

,0.0001 

,0.0001 

,0.0001 

,0.0001 

0.2 

0.7 

0.1 

standard guidelines (ANSI/HPVA HP-1 2020), an adhesive 
passes a three-cycle soak test if fve of six specimens pass 
the frst cycle and four of six specimens pass the third cycle. 

Statistical analysis 
Considering 40 shear specimens per adhesive per wood 

species, the Tukey test was conducted to determine whether 
statistical differences among adhesives and wood species 
could be detected in a two-way analysis of variance 
(ANOVA). The statistical analysis was conducted using 
OriginPro software at the signifcant value of 0.05 (a ¼ 
0.05). 

Results and Discussion 
Lap shear 
The average shear strength for red maple and SYP ply-

wood manufactured with different adhesives is given in Fig-
ure 4. For red maple veneers, PUR and PF resulted in better 
bonding performance. The shear strength of red maple ply-
wood manufactured with PUR and PF was about 13 and 
21 percent higher than those of PRF and pMDI, respec-
tively. Although pMDI resulted in the weakest bonding in 
red maple plywood, the difference between pMDI and PRF 
is not statistically signifcant. The results of the ANOVA 
test are indicated by letters on each bar in Figure 4. 

Among the four adhesives evaluated, pMDI had the high-
est shear strength for SYP plywood, whereas PRF exhibited 
the lowest. The shear strength of SYP plywood manufac-
tured with pMDI was about 57 percent higher than that of 
PRF, and it was also about 6 and 14 percent higher than 
those of PF and PUR, respectively. However, the statistical 
analysis revealed that the difference among the shear 
strength of SYP plywood manufactured by pMDI, PUR, 
and PF is not statistically signifcant. 

Lap shear test results revealed that PUR and PF adhe-
sives achieved the highest shear strength for red maple 
plywood, whereas pMDI demonstrated superior bonding 
performance for SYP plywood. Moreover, PRF resulted 
in the weakest bond for both SYP and red maple 
plywood. 

The results of the Tukey test to examine the infuence of 
two groups—adhesive type and wood species—on the shear 
strength of plywood are given in Table 4. A high F value 
indicates that the variability of group means is large com-
pared with the variability within each group, suggesting that 
one group differs signifcantly from the other. A high F 
value and a low P value together suggest that group means 
differences are statistically signifcant, and the observed dif-
ferences are unlikely to be due to chance alone. Results 
given in Table 4 also reveal that the interaction between 

Figure 5.—Shear strength and wood failure percentage (WFP) for red maple and southern yellow pine using different adhesives 
(Note: WFP obtained from visual means are all the round numbers; decimal values come because of the average values of all the 
specimens). PF ¼ phenol–formaldehyde; pMDI ¼ polymeric diphenylmethane diisocyanate; PRF ¼ phenol–resorcinol–formalde-
hyde; PUR ¼ polyurethane. 
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Figure 6.—Scatter plots between wood failure percentage (WFP) and shear strength for both red maple and southern yellow pine 
using different adhesives. PF ¼ phenol–formaldehyde; pMDI ¼ polymeric diphenylmethane diisocyanate; PRF ¼ phenol–resor-
cinol–formaldehyde; PUR ¼ polyurethane. 

wood species and different types of adhesives has a substan- For adhesive type, hp
2 ¼ 0.2, indicating that 20 percent of 

tial impact on shear strength. the variance in shear strength is explained by the type of 
To further understand the relative importance of these adhesive, which represents a relatively small effect. In 

factors, the partial eta squared (hp
2) was calculated and contrast, for the wood species hp

2 ¼ 0.7, indicating that 
presented in Table 4. This provides insights into which 70 percent of the variance in shear strength is explained by 
factor has the most signifcant infuence on shear strength. the wood species. This highlights a much stronger effect 
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Figure 7.—Specimens evaluated using a feeler gauge. (a) Passed the test with minor cracks and (b) failed because of having long 
and wide cracks. 

of wood species on shear strength compared with adhesive 
type. 

Wood failure percentage 

After processing the images using ImageJ software, the 
percentage of wood failure for all specimens was evaluated. 
Moreover, two different people evaluated the percentage of 
wood failure visually. Two methods were used to determine 
whether technology could offer more accurate results and a 
faster process compared with traditional visual assessment. 
However, the results showed minimal differences between 
the two methods, as shown in Figure 3; the visual assess-
ment indicated 50 percent wood failure, whereas an analysis 
using ImageJ yielded a result of 52 percent. In contrast, 
using ImageJ was relatively time consuming, requiring mul-
tiple steps such as image capture, fle uploading, and subse-
quent processing. 
Among red maple specimens, those bonded using PRF 

demonstrated the highest wood failure percentage (WFP) val-
ues, achieving 20.8 percent visually and 21.0 percent through 
image analysis. PUR followed closely with WFP of 
17.14 percent visually and 17.36 percent through software. 
Specimens bonded by pMDI exhibited the lowest WFP at 
3.95 percent visually and 3.61 percemt through software. 

Table 5.—Numbers of failed and cracked specimens after the 
third cycle. 

Wood species PFa pMDI PRF PUR 

Red maple 

Failed 0 0 0 0 

Cracked 0 1 1 0 

Southern yellow pine 

Failed 0 1 0 2 

Cracked 2 9 5 6 

a PF ¼ phenol–formaldehyde; pMDI ¼ polymeric diphenylmethane diiso-

cyanate; PRF ¼ phenol–resorcinol–formaldehyde; PUR ¼ polyurethane. 

For SYP specimens, those bonded by PUR showed the 
highest WFP, with 80.2 percent visually and 81.0 percent 
through software, followed by PF at 55.8 percent visually 
and 53.5 percent through software. Similar to red maple, 
SYP specimens bonded by pMDI also demonstrated the 
lowest WFP, with 15.4 percent visually and 18.2 percent 
through software. PRF ranked second lowest at 25.4 percent 
visually and 27.7 percent through software. 

It is challenging to conclude whether a specifc type of adhe-
sive, either phenolic or isocyanate based, cold setting or ther-
mosetting, yields optimal bonding for both wood species, as 
the adhesive’s chemical composition and interaction with 
wood fber could play a signifcant role in the bonding process. 

Relation between WFP and shear strength 
Figure 5 presents the average shear strength and WFPs 

for all adhesives and species, aiming to determine if there is 
a direct relationship between these two properties. For red 
maple bonding, statistical results indicated that pMDI and 
PRF adhesives exhibited the lowest shear strength, with val-
ues of 2.6 and 2.8 MPa, respectively. Of note, pMDI 
recorded the lowest WFP at 3.6 percent, whereas PRF had 
the highest WFP at 21 percent, as shown in Figure 5. Con-
versely, PF and PUR adhesives demonstrated the highest 
shear strengths at 3.1 MPa, with WFPs of 11.9 and 17.4 per-
cent, respectively. This disparity suggests that WFP alone 
cannot accurately indicate bonding performance. 

For SYP, pMDI had the highest shear strength, whereas 
its WFP was the lowest (as shown in Figure 5). SYP spec-
imens fabricated with PUR had the highest WFP, and 
these specimens, along with those bonded with pMDI and 
PF, demonstrated the highest shear strength in the statisti-
cal analysis. These fndings complicated the establishment 
of a clear correlation between WFP and shear strength in 
both red maple and SYP plywood. However, it was found 
that although PUR provided consistently high shear 
strength for both species, it also yielded high WFPs, being 
the highest for SYP and the second highest for red maple. 
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Figure 8.—Change in average weight of specimens during the three cycles of soaking and drying. PF ¼ phenol–formaldehyde; 
pMDI ¼ polymeric diphenylmethane diisocyanate; PRF ¼ phenol–resorcinol–formaldehyde; PUR ¼ polyurethane. 

Figure 6 shows shear strength versus WFP for red maple 
and SYP specimens, aiming to establish a correlation 
between bonding performance and the mechanical proper-
ties of plywood. The resulting R2 and P values were very 
low for most cases, indicating no correlation and statistical 
signifcance respectively. 
The regression analysis indicates that establishing a clear, 

direct relationship between WFP and shear strength is chal-
lenging. WFP can provide useful insights, especially about 
bonding performance, but cannot be used as the sole predic-
tor for evaluating shear strength. This suggests that other 
factors may be infuencing the relationship. Inherent varia-
tions in the wood, such as differences in density and micro-
structure, and manufacturing parameters, such as resin 
distribution and variation in veneer thicknesses, tend to sig-
nifcantly affect shear strength. For example, a weak mid-
layer in shear specimens can lead to a high WFP but low 
shear strength. 

Wetting–drying cycles 
After each drying cycle and meticulous evaluation 

regarding crack and delamination, most of the red maple 
and SYP specimens showed positive results. For red maple 
plywood, all adhesives successfully passed the three-cycle 
soak test, with no specimens failing. It should be mentioned 
that only one red maple specimen that was manufactured 
with pMDI showed a small crack but did not fail. Figure 7 
shows failed and cracked specimens as they were evaluated 
using a feeler gauge. 
In contrast, only phenolic adhesives PF and PRF passed 

the soak–dry cyclic test for SYP plywood, with no speci-
mens showing failure. However, some specimens fabricated 
with isocyanate adhesives did not pass the test and experi-
enced failure. Specifcally, one specimen bonded with 
pMDI and two specimens bonded with PUR exhibited fail-
ure. It should be noted that many of the SYP specimens 
showed small cracks but not failure. The results of the 
soak–dry cyclic test, including failed and cracked speci-
mens, are given in Table 5. 
During each cycle, the weights of the specimens were 

recorded both after soaking and after drying, and the 
results are presented in Figure 8. SYP specimens absorbed 
more water than red maple specimens. This higher rate of 
water absorption may partially account for the higher 

incidence of failure or crack development in SYP speci-
mens compared with red maple specimens. Increased 
water uptake resulted in greater thickness swelling, subse-
quently increasing the probability of crack initiation and 
propagation. The method of veneer peeling and the devel-
opment of lathe checks may also infuence this water 
absorption. 
For both red maple and SYP, specimens made with iso-

cyanate adhesive, especially pMDI, had lower rates of 
water absorption, whereas those fabricated with phenolic 
adhesive, especially PRF, had the highest rates, as shown 
in Figure 8. Regardless of wood species, these results 
show that isocyanate adhesives pMDI and PUR exhibited 
better water resistance compared with phenolic adhesives 
PF and PRF. However, it cannot be concluded that they 
are more suitable for exterior application, as during the 
drying process some of the SYP specimens made with 
these adhesives experienced failure, whereas those with 
phenolic resin did not. 

Conclusions 
This study aimed to evaluate the bonding performance of 

SYP (softwood) and red maple (hardwood) plywood manu-
factured using four different adhesives: PF, pMDI, PRF, 
and PUR. The key fndings of this study are: 

(1) Among the adhesives evaluated, bonding with pMDI 

resulted in the highest shear strength for SYP plywood, 

whereas bonding with PF and PUR achieved the high-

est shear strength for red maple plywood. 

(2) For softwood plywood, there is no statistical difference 

in the shear strength of specimens bonded by pMDI, 

PF, and PUR, indicating that these three adhesives per-

form similarly in terms of bonding strength. However, 

a statistical difference was observed between these 

adhesives with PRF. It should be highlighted that both 

isocyanate adhesives—pMDI and PUR—developed a 

good bond between softwood veneers. 

(3) For red maple, the shear strength of specimens bonded 

by PF and PUR is the same; however, a statistical dif-

ference exists between these two adhesives with pMDI 

and PRF. 
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(4) Regardless of wood species, plywood manufactured 

with PUR and PF have higher shear strength than those 

manufactured with pMDI and PRF. 

(5) Regardless of wood species, isocyanate adhesives 

pMDI and PUR showed a lower water uptake rate than 

phenolic resins PF and PRF. 

(6) Statistical analysis revealed that wood species have a 

more signifcant effect on shear strength compared with 

adhesive type. 

(7) For both red maple and SYP plywood, PUR resulted in 

the highest shear strength and relatively highest bond-

ing performance, meaning the highest WFP for SYP 

and the second highest WFP for red maple. 

(8) Both visual assessment and ImageJ software produced 

similar results for WFPs, with minor differences. 

However, ImageJ was more time consuming. 

(9) WFP cannot serve as the sole predictor of bonding 

strength. 

(10) Regarding energy consumption and carbon emissions, 

PUR adhesive, a cold-setting binder, is a superior 

choice for fabricating SYP and red maple plywood. 
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